susceptibility to air trapping, with three patients requiring emergency sternotomy and immediate cardiopulmonary bypass because of cardiac arrest. No details of their cases were discussed.
These cases describe dramatic circulatory collapse with the onset of positive pressure ventilation during induction in two patients, one undergoing combined heart-lung transplantation, the other single lung transplantation. Both patients had end-stage respiratory failure due to emphysema-associated alpha I-antitrypsin deficiency.
CASE REPORT I A 46-year-old, 39-kg woman with alpha I-antitrypsin deficiency was hospitalised and oxygen-dependent for several months before a suitable donor was found for combined heart-lung transplantation. Her heart was to be used for a 'domino-donor' procedure (for a second recipient in an adjacent theatre). 6 Her treatment consisted of nebulized salbutamol, oral theophylline and prednisolone. She was an ex-smoker. Her best FEY I was 0.48 litres (predicted 2.92 litres) and her Pao2 on room air fluctuated between 39-59 mmHg, with PaCo2 70-97 mmHg. Preoperative assessment revealed dyspnoea at rest and cyanosis, despite receiving intra-nasal oxygen at 3 litres/min: there was evidence of emphysema on chest examination. Chest X-ray showed marked emphysematous lung fields ( Figure  I) ; an electro-cardiogram showed sinus tachycardia 120/min, with right atrial enlargement. Previous echocardiography reported a normal left ventricle and mild right ventricular hypertrophy; a gated blood pool scan reported a left ventricular ejection fraction of 59%. Premedication given was nebulized salbutamol 0.5% 2 ml, IM midazolam 4 mg and oral 0.3 M sodium citrate 30 ml. Oral immunosuppressants (azathioprine 200 mg, cyclosporine 125 mg) were also given.
In the operating room, the anaesthetic machine was checked according to the Australian Faculty of Anaesthetists' guidelines. 7 Equipment monitoring included an oxygen analyser, a circuit manometer and a ventilator 'low-pressure' disconnect alarm.
On arrival in the operating theatre, a 5-lead electrocardiogram (concurrent display of lead 11, V5) and pulse oximeter were placed. Intravascular lines consisted of a 14 gauge peripheral venous, 20 gauge arterial (radial), 8.5 FG pulmonary artery catheter introducer sheath (right internal jugular), and 6 FG central venous (right subclavian). The following infusions were prepared before induction: dopamine 3 mcglkglmin (to optimise Anaesthesia and intensive Care. Vo/. 20. No. 3, August. 1992 renal blood flow), sodium nitroprusside 1 mcglkgl min (to reduce pulmonary artery pressure), adrenaline (not running), and isoprenaline (not running). Prior to induction haemodynamic measurements were HR 140/min (sinus tachycardia), BP 130/80 mmHg, PCWP 14 mmHg, mean PAP 34 mmHg, CVP 8 mmHg, Cl 3.71/min/ m 2 , SVRI 1954 dyn.s.cm. - 5 Following five minutes of pre-oxygenation, anaesthesia was induced with IV diazepam 10 mg and fentanyl 500 mcg and tracheal intubation facilitated with suxamethonium 75 mg. Following intubation, the patient was manually ventilated with 100% oxygen, observing chest excursion and the capnogram (to confirm endotracheal placement), then converted to mechanical ventilation with tidal volume of 400 ml (10 mllkg) and rate of 12 breaths/min. Peak inspiratory pressure was 45 cm H 2 0.
Approximately three minutes after induction, the patient's haemodynamic measurements were HR 145/min, BP 120176 mmHg, PCWP 12 mmHg, mean PAP 30 mmHg, CVP 6 mmHg. After a further three minutes the HR had increased to 160/ min, and the arterial blood pressure decreased to 60125 mmHg. At first it was thought that the arterial line had become kinked at the wrist following patient positioning, but over the next 20 seconds the arterial line trace became flat, along with the pulmonary artery trace. There was no carotid pulse palpable. External cardiac massage was commenced and adrenaline was given as a 250 mcg bolus followed by an infusion at an initial rate of 20 mcglmin.
Following exclusion of tube misplacement and anaesthetic machine malfunction, dynamic hyperinflation ('gas-trapping') was considered as the cause of the circulatory collapse. The patient was disconnected from the ventilator and anaesthetic circuit for a 60-second period. Minimal improvement occurred, with the patient's HR unchanged at 160/min, but a BP trace returned to 75/30 mmHg. It was felt that this was due to the adrenaline and external cardiac massage. The patient was reconnected to the circuit and ventilated as before. There was no clinical evidence of a tension pneumothorax. The patient was stabilised with a BP 90/45 mmHg, but required an adrenaline infusion of 40 mcglmin and a fluid load of 1000 ml crystalloid (to PCWP 17 mmHg). No explanation for the circulatory collapse could be found, so urgent chest X-ray and transoesophageal echocardiography was arranged and the patient prepared for immediate sternotomy.
A second anaesthestist was available, who again considered dynamic hyperinflation as the likely cause. The patient was disconnected from the anaesthetic circuit and over a period of 3 to 5 minutes improved dramatically. The ventilator was reset to rate 6/min, tidal volume 300 ml, I:E ratio 1:4 (to maximise expiratory time), which enabled haemodynamic stabilisation and reduction of the adrenaline infusion to 2 mcglmin. Chest X-ray showed hyperexpanded lung fields, but no pneumothorax. Transoesophageal echocardiography revealed normal ventricular function with no pericardial collection.
Any further increase in positive pressure ventilation resulted in hypotension. We had to accept an arterial saturation (with pulse oximetry) of 88-92% and an end-tidal C02 of 90 mmHg.
Urgent sternotomy was avoided. Femoral venous and arterial cannulae were secured, which is our usual practice for combined heart-lung transplantation involving a 'domino' procedure. 6 Following sternotomy, dissection was difficult due to the hyperinflated lungs and necessitated early cardiopulmonary bypass via the femoral cannulae. The remainder of the case was uneventful. Cardiopulmonary bypass time was three hours.
The patient's postoperative course was uneventful, with extubation at twelve hours, discharge from the intensive care unit on day 2, and she remains well after three months. (The domino heart recipient is also well.) CASE REPORT 2 A 45-year-old, 52-kg woman with alpha I-antitrypsin deficiency was treated with salbutamol inhaler, oral theophylline and prednisolone. She was an ex-smoker. Her best FEV, was 0.68 litres (predicted normal 2.50 litres), her Pa02 on room air was 60-75 mmHg. Her emphysematous lung disease was predominantly left-sided, with a giant lung bulla present. She was scheduled for single (left) lung transplantation via left thoracotomy, with a preceding midline laparotomy for mobilisation of omentum (for omental wrapping of the bronchial anastomosis).
Preparation was similar to that in Case I. After pre-oxygenation, anaesthesia was induced with IV diazepam 10 mg, thiopentone 75 mg and fentanyl 1000 mcg, and intubation was facilitated with suxamethonium 75 mg. The patient was intubated without difficulty, using a 35 FG PVC left-sided double-lumen tube. Manual two-lung ventilation with 100% oxygen was satisfactory, and so was converted to mechanical ventilation with a tidal volume of 500 ml (10 ml/kg) and rate of 12 breaths/ min. Peak inspiratory pressure was 45-50 cm H 2 0.
At two minutes after induction, the patient's haemodynamic measurements were HR 115/min, BP 100/65 mmHg, PCWP 9 mmHg, mean PAP 24 mmHg, CVP 6 mmHg. Correct position of the double-lumen tube was confirmed with fibreoptic bronchoscopy. During this procedure (which took approximately three to five minutes) the patient's arterial blood pressure slowly decreased to 80/42 mmHg. Soon after completion of the fibreoptic bronchoscopy the arterial blood pressure trace flattened to zero, with no palpable carotid pulse. After anaesthetic machine malfunction was rapidly excluded, the patient was given a purge of 100 mcg IV adrenaline via the syringe pump along with a crystalloid bolus of 500 ml. An image-intensifier had been used to confirm right-sided placement of the pulmonary artery catheter and there was no pneumothorax detectable. Dynamic hyperinflation was immediately considered, the patient was disconnected from the anaesthetic circuit, and arterial blood pressure slowly increased to 85/46 mmHg over 45-60 seconds. Following a further bolus of 500 ml crystalloid and an adrenaline infusion of 2 mcglmin, the arterial blood pressure stabilised at 105/65 mmHg. This was in conjunction with a further 60 seconds of apnoea.
As with Patient I, reinstitution of positive pressure ventilation caused hypotension. Conversion to one-lung (right) ventilation (tidal volume 400 ml, rate 12/min) improved oxygenation and carbon dioxide excretion. The left lung was separately manually ventilated at a rate of one to two breaths per minute, but even this caused hypotension. It was realised that the patient had better gas exchange and circulatory stability on one-lung ventilation, with the left lung open to atmosphere.
Haemodynamics following stabilisation were HR II O/min, BP 100/65 mmHg, PCWP 6 mmHg, mean PAP 28 mmHg, CVP 7 mmHg. Arterial blood gases were pH 7.15, P a o 2 87 mmHg, PaC02 89 mmHg, HC03 31 mmolll, O 2 saturation 93%. Because of the acceptable gas exchange and haemodynamic stability (especially preserved pulmonary artery pressure), the operative procedure was performed without the need for cardiopulmonary bypass. Allograft ischaemic time was 90 minutes and operative time was six hours.
At the end of the operation, after confirming satisfactory coagulation with a normal activated clotting time, a thoracic epidural was inserted, and a bupivacaine/fentanyl infusion commenced to improve postoperative analgesia control. The patient recovered uneventfully, being extubated within twelve hours, and transferred out of the intensive care unit on day 2. This patient also remains well at three months.
DISCUSSION
Alpha I-antitrypsin is a protease inhibitor whose primary role is as an inhibitor of neutrophil elastase. Thus deficiency (the critical level is about 40% of normal) is associated with unimpeded tissue destruction, which in the lung leads to loss of elasticity, resulting in premature emphysema. The prevalence of the heterozygote state is about 5%, with 0.01-0.06% homozygote (most commonly found in Northern Europeans). It is estimated that approximately I % of patients with emphysema have an underlying deficiency of this enzyme. 2 . 3 In these cases, dynamic hyperinflation ('gas-trapping') led to circulatory arrest: both patients had a sinus tachycardia with no arterial blood pressure (electromechanical dissociation). Although the above case reports are associated with heart and lung transplantation, the phenomenon of dynamic hyperinflation may occur in patients with end-stage disease and alpha I-antitrypsin deficiency undergoing any procedure involving positive pressure ventilation. Similar scenarios have been described in patients with asthma, emphysema and lung cyst. 5 ,8-11 The mechanical properties of lung cysts and bullae have been studied by Ting et al., 12 who showed that the bullae can inflate but not deflate (i.e. valve-like) because their opening becomes compressed when they become inflated. This is further accentuated by the principle of LaP lace's law, with larger bullae having a lower resistance to inflation. At our institution we have performed single lung or combined heart-lung transplantation procedures on eight patients with alpha I-antitrypsin deficiency. None of these patients had evidence of circulatory depression secondary to dynamic hyperinflation.
Increasing lung volumes (and intrathoracic pressure) impair myocardial function to a greater degree than usually seen in the critical care patient, as in the latter situation the lungs are noncompliant and only transmit a portion of their intrapulmonary pressure. In patients with emphysema where the lung compliance is high, there is accentuation of this pressure transmission.
Alpha I-antitrypsin deficiency is an unfamiliar condition with sparse published description of the anaesthetic implications. These case reports highlight the serious potential complications involved, and include recommendations for ventilatory management when positive pressure ventilation is required, 8, 9, [13] [14] [15] these being small tidal volume with a long expiratory time. Minute ventilation and expiratory time can be maximised by high inspiratory flow rate (up to 100 litres/min and/or I:E ratio of I :5) with a slow respiratory rate. Peak inspiratory pressure will be high but the degree of pulmonary hyperinflation may be the more important determinant of pulmonary barotrauma. Tuxen and Lane l4 studied nine patients with severe air flow obstruction requiring mechanical ventilation. They were studied at three Anaesthesia and intensive Care. VD /. 20. No. 3. August. 1992 levels of minute ventilation (at 10, 16 and 26 litres/ min), three levels of tidal volume (0.6, 1.0, and 1.6 litre) and three levels of inspiratory flow (40,70 and 100 litres/min). The degree of pulmonary hyperinflation was increased with larger tidal volumes and shorter expiratory time (either due to increased respiratory rate or decreased inspiratory flow). Alveolar and oesophageal pressure rose with lung volumes, with hypotension most marked at highest lung volumes. The authors commented that increasing inspiratory flow rate will increase peak airway pressure, but most of this pressure was expended overcoming the resistance of the airways (including endotracheal tube). By increasing the time available for expiration (and reduction of endexpiratory lung volume), plateau airway pressure actually decreased. The authors concluded that pulmonary hyperinflation and not peak inspiratory pressure may be the more important cause of barotrauma.
Ventilators commonly used in the operating theatre are limited in their functional capabilities. Patients at risk of dynamic hyperinflation require a ventilator that can deliver high inspiratory pressures (up to 80 cm H 2 0) and flow rates (up to 100 litres/min). The anaesthetic machine most commonly used in Australia has a pressure-relief valve set at 50 cm H20, which may also limit optimal ventilation. The valve outlet may need to be temporarily occluded or alternatively, the anaesthetic machine (with delivery of gases and volatile agents) can be bypassed using a total intravenous technique. High-frequency ventilation, by operating at lower inflation pressures, may be another option. 16 Nitrous oxide should be avoided because of the potential for airspace expansion 17 and pulmonary hypertension.
It may be necessary to accept hypoventilation as most patients with airflow obstruction succumb to the adverse consequences of positive pressure ventilation (barotrauma, circulatory depression) rather than hypoxialhypercapnia. 14 ,15 Naturally steps should be taken to minimise airflow obstruction (bronchodilators, steroids).
If such a patient should develop circulatory depression during positive pressure ventilation, then these case reports suggest the most effective manoeuvre is to stop ventilation and disconnect the endotracheal tube from the circuit for up to three minutes -the apnoea test. This should be considered before other more dangerous and timeconsuming measures. Use of 100% oxygen permits apnoeic oxygenation for a longer interval, thus encouraging lung deflation. It is also essential to consider other causes of circulatory collapse in this group of patients, the most relevant being tension pneumothorax.
The potential for rapid deterioration resulting from positive pressure ventilation in this group of patients warrants the surgeon to be in the operating room during induction, and prepared for immediate intervention. This may mean insertion of a chest tube, urgent sternotomy, or femorofemoral bypass (depending on the nature of the planned surgical procedure).
The extent of cardiac tamponade can also be minimised by optimising filling pressures with fluids, and the judicious use of inotropes (as above). However, it should be stressed that the cause of the problem is dynamic hyperinflation and correction of this should remain the prime object of therapy. It should also be remembered that gastrapping in this group of patients may exceed several litres, and as expiration is an exponential process,12 alveolar emptying to a degree where there is no longer cardiac tamponade may take several minutes.
